Introduction {#sec1-1}
============

Since Abumi *et al*.[@ref1] first applied the transpedicular screw placement technique for the lower cervical vertebra, cervical pedicle screw fixation through posterior approach has shown greater cervical stability advantage compared with any other cervical fixation system.[@ref2][@ref3][@ref4] The indications for cervical pedicle screw have since been extended and now include conditions such as trauma, rheumatoid arthritis, degenerative disease, spondylolysis, and spinal tumor, etc.[@ref5][@ref6] It is considered that the cervical pedicle screw placement is most probably going to be the gold standard for cervical spinal fixation.[@ref7] The cervical pedicle screw fixation technique through posterior approach is demanding and involves fixation of a steel plate and screw into the vertebral body through the cervical pedicle. Therefore, the key to the technique is the choice of point and angle of screw entrance.[@ref5] Abumi and Kaneda[@ref8] placed the screw slightly outside the midpoint of the articular process, close to the lower edge of the inferior articular process. The angle of screw placement is variable depending on different segments of vertebral bodies. Due to the interindividual variations of pedicle morphology,[@ref9][@ref10][@ref11] application of individualized screw placement should be emphasized.[@ref12] It is worthwhile noting that morphometric measurements of the cervical pedicle as well as the correlation between the pedicle and its surrounding structures are a prerequisite for individualized screw placement. Initially, dried bone samples and X-ray images were mainly used for measuring the cervical vertebra. With its development, computed tomography (CT) has been increasingly employed to measure and study the morphology of cervical vertebras; particularly, multislice spiral CT scans can clearly reveal fine structures of the vertebral body, disc, and accessories. Moreover, highly precise three-dimensional (3D) reconstruction images can be naturally obtained in living tissues; this can help keep various tissues and relevant anatomy intact.[@ref12] Currently, CT imaging has become the most reliable and important means to obtain cervical pedicle\'s measurement data and morphology *in vivo*.[@ref10][@ref11][@ref13][@ref14] However, to date, studies assessing preoperative simulation of screw entry using individualized pedicle screw placement are scarce in the measurement with the double-line method. Specifically, a few reports have been published regarding *in vivo* measurements of the sagittal angle formed between the cervical pedicle and corresponding vertebral body. This study generates 3D reconstruction of *in vivo* simulation of individualized cervical pedicle screw placement using volumetric CT scanning data, to obtain reliable data of entry angle of the pedicle screw.

Materials and Methods {#sec1-2}
=====================

CT imaging data were collected from eighty healthy adult Chinese patients receiving cervical enhanced CT angiography and plain neck imaging examination from January 2012 to April 2015. The informed consent was obtained for every patient before CT examination. They included 44 males and 36 females, average age was 49.7 years (range 18-75 years). Inclusion criteria were as follows: (1) no spinal deformity (except congenital block vertebra), fracture of the vertebral body/accessories, or vertebral dislocation/spondylolisthesis; (2) no reversal of vertebral column\'s physiological curvature, scoliosis, or vertebral sequence instability; (3) no pathological tumor changes such as bone damage or metastasis of the vertebras or small joints; (4) no obvious lumps or mass surrounding the cervical vertebra.

The study complied with the current laws of our country and regulations of the institute. At the same time, all process was permitted by local ethics committee.

Computed tomography imaging systems and scanning methods {#sec2-1}
--------------------------------------------------------

Dual-source spiral 64-slice CT scanner (SIMENS SOMATON, Germany) was used with the patients in supine position. Scanning parameters were 3 mm slice thickness/0.75 mm interval, with a pitch of 1.0--2.0. Reconstruction parameters were 0.75 mm slice thickness/interval and bone reconstruction algorithm (convolution: 80). The tube voltage was 120 kV and the current was auto-regulated. Scanning was performed from the saddle area of the cranial base to the level of the sternal angle.

Postscanning processing and measurement methods {#sec2-2}
-----------------------------------------------

All raw data obtained from patients were stored in postprocessing workstation for 3D reconstructions. Siemens Syngo software workstation was employed for random postscanning imaging processing. Accuracy values of distance and angle measurements were 0.1 mm and 0.1°, respectively. Using the dedicated software (InSpace) of imaging postprocessing workstation, shade surface display, and multi-plane reconstruction (MPR) was carried out to obtain transverse sections perpendicular to the pedicle isthmus \[[Figure 1](#F1){ref-type="fig"}\]. Initially, morphology, structures, and development of bone cortex in different vertebral bodies and pedicles were observed. Then, in 160 pairs of C3--C7 pedicles, the single-and double-line ([Figure 1](#F1){ref-type="fig"}; diameter of mimicked screw is 4.0 mm) measurement methods were employed to assess the horizontal angle between the pedicle\'s central axis and the sagittal plane (pedicle transverse angle, \[PTA\]), and sagittal angle between the pedicle\'s central axis and the horizontal plane of the corresponding vertebra (pedicle sagittal angle, \[PSA\]). The PSA values obtained at the cranial and caudal sides were defined as positive and negative values, respectively \[[Figure 2](#F2){ref-type="fig"}\]. Comparison of the measured change scope in PTA and PSA between the two methods was carried out; the range was defined as the error range.

![Axial computed tomography images of the third cervical pedicle (C3) in a 74-year-old woman. The image shows the schematic diagram of pedicle transverse angles of C3 measured with the single line method and with the double-line method (analog nailing, 4.0 mm in diameter), respectively. In the diagram, a~1~ (or β~1~) and a~2~ (or β~2~) mean the minimum and maximum angles, respectively. Pedicle transverse angle values measured with single-line method shows a greater error range, and the accuracy is poor which does not meet the requirements of clinical practice in pedicle screw placement. While pedicle transverse angle values obtained with the parallel double-line measurement approach (i.e., double-line mimics the pathway of screw entry) could be more accurate and reliable, and the error range is significantly reduced, so the technique is more feasible for clinical operation](IJOrtho-52-651-g001){#F1}

![Computed tomography reconstruction of Cervical oblique-sagittal image by multi-plane reconstruction. The dashed and dotted lines represent the corresponding vertebral horizontal level and the pathway of screw entry, respectively. a means the pedicle sagittal angle value of C3 obtained at the cranial side, so it\'s defined as positive value. -a means the pedicle sagittal angle value of C7 obtained at the caudal side, so it\'s defined as negative value](IJOrtho-52-651-g002){#F2}

Statistical analysis {#sec2-3}
--------------------

The SPSS 13.0 software (SPSS for Windows, version 13.0; Chicago, IL, USA) was used for statistical analysis; paired *t*-test was used to assess values at the same vertebral level, and Kendall test was employed for different vertebral levels. *P* \< 0.01 was considered to be statistically significant.

Results {#sec1-3}
=======

Congenital vertebral fusion (block vertebra) was found in 2 of the 80 patients and involved fusion of 4 vertebral bodies; one patient had a congenital vertebral cortical bone defect.

Average error ranges of PTA and PSA in C3--C7 using the single- and double-line measurement methods are shown in [Table 1](#T1){ref-type="table"}. Statistically significant differences were correspondingly found in the two measurements (t- test, *P* \< 0.01). The error range obtained using the single line measurement method was relatively large while double-line measurement mimicked screw placement and was more accurate and suitable for clinical screw placement \[[Figure 1](#F1){ref-type="fig"}\].

###### 

Average error ranges of pedicle transverse angle and pedicle sagittal angle in C3-C7 with different measurement methods (x̄±S°) (*n*=160)

![](IJOrtho-52-651-g003)

Combination of MPR and InSpace successfully yielded accurate PTA and PSA measurements of C3--C7 cervical pedicles using the double-line method. Mean PTA values were of 42.9°, 45.5°, 42.4°, 37.1°, and 29.0°, respectively \[[Table 2](#T2){ref-type="table"}\]; mean PSA values were 8.4°, 5.0°, −4.0°, −7.8° and -8.1°, respectively \[[Table 2](#T2){ref-type="table"}\], which were similar to the "negative linear slope" \[[Figure 3](#F3){ref-type="fig"}\]. No significant differences in gender and other parameters displayed on the right or left side of the x-axis were observed (Paired *t*-test, *P* \> 0.01); however, a significant difference was found in PTA and PSA measurements at different vertebral levels (Kendall test, *P* \< 0.01) \[[Table 2](#T2){ref-type="table"}\].

###### 

Pedicle transverse angle and pedicle sagittal angle measurements of cervical pedicles using double-line method in different gender and side (x̄±S°)

![](IJOrtho-52-651-g004)

![Trend chart for pedicle sagittal angle and pedicle transverse angle of C3--C7. It reveals that the pedicle sagittal angle of C5--C7 shows negative value, suggesting that the nailing direction should be inclined to caudal side. The characteristic trend for pedicle sagittal angle from C3 to C7 demonstrates a large change with a sharply negative linear slope, yielding a probably higher clinical value than that of pedicle transverse angle, which should be more alert in practice](IJOrtho-52-651-g005){#F3}

Discussion {#sec1-4}
==========

Cervical pedicles have greater variations and more complicated anatomical structures than the thoracic and lumbar vertebral arches. Therefore, cervical pedicle screw placement is prone to cause bone cortex perforation and complications. Munusamy *et al*.[@ref11] suggested the individualized screw placement method, that is, preoperative imaging examination should be routinely performed in order to obtain 3D quantitative anatomic data for safety and accuracy of cervical pedicle screw placement; the recorded data include anterior and posterior diameters of the spinal canal, transverse diameter, length, and horizontal angle of the cervical pedicles. Based on these data and the principle of individualized treatment, screws with suitable length and diameter are selected for screw placement. It is widely accepted that imaging measurements are a more accurate initial assessment of suitability for screw insertion in obtaining an effective and reliable data.[@ref15][@ref16] Meanwhile, individualized cervical pedicle measurement is a must and a reliable technique for pedicle screw fixation;[@ref11] however, how to apply preoperative data to make accurate screw placement intraoperatively remains a problem that needs to be overcome by further quantifying a series of parameters; particularly, the preoperative measurement of screw\'s entry angle is a critical issue. Theoretically, individualized screw placement is an ideal method to circumvent the problem posed by variations of the cervical pedicles: the entry point and direction of the screw depend on measurement results of each pedicle preoperatively.[@ref11][@ref14] Obviously, accurate imaging measurement is advantageous in providing data in a noninvasive, more informative and safer manner compared with those obtained through intraoperative exploration. Based on published reports,[@ref14][@ref15][@ref17][@ref18][@ref19][@ref20] successful pedicle screw replacement is mainly dependent on the following three aspects: (1) determination of screw placement\'s entry point, which is usually easy to select according to anatomical structures; (2) the angle of the screw at 3D level is used for placement, i.e., data obtained using concise PTA and PSA measurements; (3) suitable screw diameter and length. Therefore, the pedicle screw placement technique is feasible for individualization and precision as long as it meets all requirements mentioned above. Up to date, multi-slice CT (MSCT) is the most important and reliable measurement means for preoperative cervical pedicle placement.[@ref11][@ref13][@ref14][@ref15][@ref16] In the study, MSCT data revealed that normal variations occurred in 3 cases (congenital block vertebra and unilateral pedicle cortex defect in 2 and 1 cases, respectively), suggesting anatomical variations of the cervical pedicle. Thus, individualized measurements are critical to achieve individualized screw placement.

It should first be mentioned that PTAs of C3--C7 pedicles, the angle between the pedicle\'s longitudinal axis at the transverse section and midline, has been reported in a few studies.[@ref11][@ref18] The measurements results could be slightly variable due to sample size and different methods used. Nevertheless, data from these studies are generally similar; specifically, the rule of angle changes of C3--C7 is basically the same, that is, the largest angle was usually in C4, approximately 45°, with the angle, gradually decreased at lower vertebral levels, and smallest value found at C7 \[[Figure 3](#F3){ref-type="fig"}\]. Moreover, no evidence was found for an association of the angle change with gender and side (right or left), which is consistent with a previous report.[@ref19] However, the C5--C7 pedicle\'s angle in the present study is smaller than reported values.[@ref11][@ref14][@ref20] It is possible that we used the parallel double-line measurement approach (i.e., double-line mimics the pathway of screw entry) instead of the single-line measurement method (i.e., axis of the pedicle), which could effectively avoid impact of human factors on measurement errors caused by the single-line measurement method used for the determination of the pedicle axis. The study data should be more accurate and reliable, and the technique is more feasible for clinical operation because the average error ranges of PTA and PSA in C3--C7 with the double-line method are much less than those with single-line method \[[Table 1](#T1){ref-type="table"}\].

Second, the measurement of the pedicle\'s PSA (upward or downward angle between the sagittal plane and longitudinal pedicle axis) is rarely reported in the literature.[@ref20][@ref21] It is possible that the 3D nature of the pedicle and its irregularity make it difficult to precisely measure at 2D level in wet-dry samples or living subjects.[@ref18] In the present study, modern volumetric CT scanning and 3D reconstruction algorithm combined with a special software were applied to successfully measure the sagittal angle with double-line simulation of the screw. Interestingly, we found the change rules of angular measurements for C3--C7; for example, the sagittal angle measured as the longitudinal pedicle axis pointing to the superior vertebral endplate was considered the positive value, whereas that obtained as the longitudinal pedicle axis pointing to the inferior vertebral endplate was considered the negative value. PSA values of C3--C7 were 8.4°, 5.0°, −4.0°, −7.8°, and −8.1°, respectively, similar to the "negative linear slope" \[[Figure 3](#F3){ref-type="fig"}\]. No similar data and changes have been reported previously; nevertheless, in this study, individualized screw placement was performed taking into account the screw diameters, and PTA and PSA measurements using the double-line method can, respectively, determine transverse and sagittal angles of screw entry. These techniques provide higher reference values and have greater clinical significance: they should become the most likely gold standard of *in vivo* measurements, which will provide reliable evidence for training orthopedic surgeons to obtain "freehand skills and tactile sensation experience of screw insertion" and 3D computerized image-guided navigation system for screw placement.[@ref5][@ref22] For example, the average *in vivo* measuring error ranges of either PTA or PSA in C3--C7 using double-line method are superior to those with the single-line method, which may provide the orthopedic surgeon with theoretical guidance and reliable basis in screw placement. More importantly, the same CT images will be transmitted to 3D computerized image-guided navigation system, and hence, the same surgeons *in vivo* trained for CT measuring with the double-line method will be more familiar, skilled, and confident in the operation of 3D navigation system.

In summary, preoperative MSCT reconstruction techniques can determine the direction and required parameters for individualized screw placement; it mimics operation to make precise measurements of key parameters such as PTA and PSA. Precise PTA and PSA measurements using the double-line method provide theoretical guidance for preoperative simulation of individualized pedicle screw placement; particularly, for the first time, *in vivo* PSA measurement was shown to provide reliable evidence for training orthopedic surgeon to obtain "freehand skills and tactile sensation experience of screw insertion" and 3D computerized image-guided navigation system for screw placement.
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